A synchrotron X-ray¯uorescen ce microprob e has been used to study the composition and microstru cture of pulsed-laser ablationdeposited ® lms of calcium± nickel± potassium oxides that have applications in heterogen eous catalysis. The ® lms, whose individ ual metal oxide componen ts have widely varying boilin g points and thus prevent a solid-phase synthesis with the use of standard therm al techniques, represen t a new quaternary metal oxide phase containing the three elements. Experimental conditions for preparing the ® lms are given. The X-ray¯uorescence microprobe data are discussed with respect to both the distribution of the three metals in the ® lms at the micrometer lateral spatial resolution lev el and the presence of trace amounts of metals that were introduced into the ® lms as contaminan ts in targets made of the parent three-metal oxide.
INTRODUCTION
A high demand for thin ® lms in industrial technology has been responsible for the creation of new techniques for the fabrication of such ® lms. One highly effective method for the syntheses of variable-composition thin ® lms is pulsed-laser deposition (PLD). The technique has a large number of characteristics that make it an attractive approach for making ® lms. It offers rapid deposition rates, congruent material transfer, simple target requirements from which to make the ® lms, in situ multilayer deposition, and no gas composition or pressure requirements. Additionally, the technique can also afford crystalline ® lms and ® lms with novel structures. Pulsed-laser deposition can be used to make ® lms of semiconductors, 1± 3 insulators, 4 high-temperature superconductors, 5± 9 diamond-like ® lms, 10, 11 and piezoelectric materials. 12 Quaternary metal oxides involving calcium, nickel, and potassium have been shown to be quite effective in the catalysis of coal gasi® cation and methane coupling. The catalysts can be synthesized by a variety of techniques, including thermal decomposition of the metal salts, high-temperature annealing of the mixed oxides, and high-temperature dehydration/heating of a mixture of the metal hydroxides. An inherent problem with these traditional, high-temperature syntheses, however, is the much higher melting and boiling points of the calcium and nickel oxides relative to those of potassium oxides, resulting in the loss of potassium from the catalysts at much lower temperatures than those that are necessary to form homogeneous oxide phases from the starting materials. A major consequence of this problem is that it is extremely dif® cult to synthesize highly reproducible samReceived 25 July 1996; accepted 16 June 1997. * Author to whom correspondence should be sent.
ples of the quaternary metal oxides by using traditional, standard thermal techniques 13 such as those listed above.
One approach to incorporating all three of the metal oxides into one phase is the use of laser ablation to prepare ® lms 14, 15 of the catalysts so that they may be used for coating smooth surfaces on which to conduct detailed studies of gas/solid interface reactions that are involved in catalytic processes, as well as other applications. The problem of dissimilar boiling points of the three-metal oxides system is overcome, since the laser ablation process affects the volatilization of all three components from the laser target essentially simultaneously.
Although the three metal oxides are indeed effectively vaporized and deposited simultaneously during the two processes, there is strong interest in gaining an understanding of the chemical and morphological aspects of the ® lms that are deposited. Phenomena such as lattice defects and chemical heterogeneity are of interest, especially in the ® lms studied here where the composition of each of the elements varies so widely. In this case, it is of interest to learn (1) whether the potassiumÐ which has the lowest boiling point and is the smallest metal oxide component of the systemÐ is homogeneously spread throughout the matrix of the ® lm; (2) whether there is any segregation of it in localized regions; or (3) whether any clustering of it with either of the other two metal ions occurs. In addition, it is of interest to observe any islands of segregation involving either of the other two metals in the system. Thus, because of the micrometer-level lateral spatial resolution, elemental sensitivity, and signal-to noise ratio of the synchrotron X-ray¯uo-rescence microprobe technique used here, which makes it superior to electron-induced¯uorescence, 16 the investigator is able to answer these questions at a level that has heretofore been impossible.
EXPERIMENTAL
Films of calcium± nickel± potassium oxide were fabricated by pulsed-laser deposition, as previously described. 15 Pellet targets made of appropriate mixtures of CaO, NiO, and KNO 3 and pressed at 20,000 psi were subjected to a beam from a KrF excimer laser operated at 248 nm with a 350-mJ/pulse and a 5-Hz repetition rate. The pulsed-laser deposition chamber used in the ® lm fabrication contained a 10-mTorr atmosphere of oxygen while the deposition was occurring, and the single-crystal MgO(100) ® lm substrate was held at 600 8 C. The deposition time was 15 min, with the ® lms being cooled to room temperature in the 10-mTorr atmosphere within 30 min. X-ray photoelectron spectroscopy detected only the calcium± nickel± potassium oxide; no nitrogen phases (such as nitrides) introduced by use of the nitrate as a target material were detected, while X-ray diffraction showed that the ® lms were composed of a previously unreported phase of calcium± nickel± potassium oxide.
The ® lms were analyzed with the use of the X-ray¯u-orescence microprobe at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory, as previously described. 17, 18 The X-ray microprobe uses a white radiation beam from a bending magnet on the synchrotron. Figure 1 shows a schematic diagram of the system. A pair of mul-tilayer-coated spherical mirrors in a Kirkpatrick± Baez con-® guration are used to focus and monochromate (with 6% bandpass) the beam. The Ka 1 emission lines of potassium, calcium, chromium, iron, and nickel were measured simultaneously with a Si(Li) detector. The detector was mounted perpendicular to the beam direction to minimize the scattered X-ray background. With the mirrors set to 8.5 keV, the focused beam intensity was 3 3 10 9 photons/s when the ALS was operating at 1.0 GeV and 250 mA. The spot size was 2 m m 3 2 m m. The samples were scanned in a series of long, one-dimensional scans of about 3 mm in which the step size between the points was 5 m m and the counting time at each point was 1± 3 s. At each point, the complete energy spectrum could be analyzed with a peak ® tting program to ® nd the net intensity in all the elemental peaks.
RESULTS AND DISCUSSION
In any discussion of the homogeneity of the three metals in the ® lms, there are two possible approaches to homogeneity that should be addressed. First, there is the question of metal ion/latticeÐ or chemicalÐ homogeneity: Is the ® lm uniform throughout its matrix with respect to all the metal ion oxides in the system? Second, there exists the possibility of morphologicalÐ or physicalÐ homogeneity of the ® lm due to particles on the surfaces. The production of these particles has been addressed 19, 20 in the literature, and their presence and characteristics can be controlled and altered. They are a function of a number of experimental parameters used during the laser ablation process, including the target density, the wavelength of the laser being employed for the ablation, the chamber pressure, the distance between the target and the deposition substrate, and the determination of how narrow the laser focus is (laser¯uence). While particles were observed on some samples studied in this work, the experimental data discussed here are restricted to the matrix homogeneity of the ® lms themselves for ® lms that were void of these microparticles. Although some very slight variations in the individual elemental pro® les of calcium, nickel, and potassium in the laser ablation-generated ® lms studied here were observed and thus indicated enriched microdomains, most of the areas of the matrices appeared to be mostly homogeneous with respect to the three elements. Trace quantities of chromium and iron (present at a fraction of the level of potassium, the element present in the lowest concentration of any of the principal metal ions in the ® lms) were also dispersed throughout the ® lms, their presence being due to their introduction as contaminants in the chemical reagents used to make the original laser targets. These were the only two contaminant metal ions that were detected in the study of the ® lms. Figure 2 shows the results of looking at a line analysis across the face of one typical ® lm. The scan shown represents 3.25 mm across the top of the ® lm, and it shows that the three elements are evenly distributed in the ® lm, as evidenced by the almost identical pro® les of the individual elements. Thus, the potassium is evenly dispersed throughout the matrix of the ® lms, with no indication of its clustering with any of the other metal ions during the condensation process. Figure 3, showing the elemental ratios of the metals, gives an even better perspective of some of the surface variations of the ® lms. Also, as the representation of the distribution of the three elements in Fig. 2 indicates, there are some very slight variations among them in some locales. This is also found to be the case when the ratios of the elements are computed. Some slight variations do appear for some locations. However, elemental ratios in these pro® les show good consistency, with general homogeneity of the elements throughout the overall ® lm matrix. The results are highly illustrative of the concept that ® lms of the type fabricated here can be many millimeters in their overall size dimensions and exhibit macrohomogeneity and function well for their intended purpose (such as membranes) while at the same time also exhibiting chemical microheterogeneity with respect to isolated micrometer-size domains of the various dopant elements such as iron and chromium.
